We demonstrate an all-optical free-space recirculating delay loop by shifting the spatial mode order using the orbital-angular momentum (OAM) basis. The orthogonality of the OAM modes is used to easily select the desirable delay at the loop output.
Introduction
Optical delays can play an important role in different optical systems applications, including: various types of signal processing functions, buffers, and sensors [1] [2] [3] . Optical delays have been achieved using different techniques, including: (a) propagation through free space or lengths of fiber [4] , and (b) multiple passes through a recirculating optical loop [5, 6] . The delay in a recirculating loop is the delay of one loop multiplied by the number of passes.
A key challenge with achieving delays using a recirculating loop is the ability to select a desirable delayed signal out of the loop after a specific number of circulations. This has been achieved in various ways, including using wavelength (or frequency) conversion such that a signal is wavelength (or frequency) up-or-down converted after each circulation, whereupon the delay becomes wavelength (or frequency) dependent [7, 8] .
A domain that has not been significantly explored for enabling delays in recirculating loops is the spatial domain. An interesting goal could be to explore the ability to achieve discrete delays in a spatial domain.
In this paper, we experimentally utilize repeated spatial-mode shifting for achieving discrete delays in a freespace OAM recirculating loop. We send a 20 Gbaud QPSK signal into the loop and generate 3 recirculations, each with added loop delay of 2.2 ns. The first two circulations have negligible penalty, and the third recirculation observes ~2dB penalty due to the accumulated link loss.
Concept
The concept of the method is shown in Fig. 1 . First, we convert an input signal into an OAM beam with mode ℓ and send it into the OAM-shifting recirculating loop. The loop consists of a beam combiner/splitter and an OAMmode shifter. Inside the loop, part of the incoming beam with the OAM mode ℓ is directed to the OAM-mode shifter, where the OAM value gets shifted to ℓ and then delayed by the loop length. The delayed beam will again reach the beam combiner/splitter, in which a portion of its power will get transmitted towards the loop output while the rest will get shifted to a new OAM mode inside the loop and additionally delayed. Therefore, at the loop output, we can access different delays by selecting and detecting one of the OAM modes. Detecting a delayed OAM beam can be done by converting it back to a Gaussian beam and collimating the beam. For convenience, we assign the term recirculation#0 to the output beam that traversed the combiner/splitter without entering the loop.
Experimental Setup
The experimental setup is depicted in Fig.2 . We use three spatial-light modulators (SLMs) in the system as: (i) SLM-1 with ℓ = ℓ to generate an OAM beam that enters the loop. (ii) SLM-2 with ℓ = ℓ to shift the modes of the OAM beams which are already inside the loop by ℓ amount. (iii) SLM-3 with ℓ =− ℓ to detect one of the OAM modes by converting the beam into Gaussian (the value of ℓ is dictated by the delayed version we want to detect).
The loop delay can be controlled by changing the distances between the mirrors: M1, M2 and M3. Moreover, every reflection on a mirror flips the sign of any OAM mode from ℓ to −ℓ . Thus, after SLM-2, the number of reflections should be even to receive the same beam back into SLM-2 after a full cycle. In our system, three reflections happen in the three mirrors M1, M2, and M3. The fourth reflection happens in the 50:50 beam splitter when exiting the loop or in SLM-2 if the signal is kept inside the loop.
In the transmitter, we modulate a narrow linewidth (10-kHz) laser at 1550.7 nm with 1-ns intensity modulated pulse at 62.5MHz repetition rate for characterization purposes, and then with 20-Gbaud QPSK signal from an IQmodulator. The signal is amplified and ~ +10 dBm is transmitted from collimator#1. The beam gets transformed into an OAM beam with charge ℓ and enters the loop through a 50:50 splitter. Inside the loop, the beam's OAM mode gets shifted to ℓ = ℓ + ℓ in every recirculation using SLM-2, where n is the number of recirculations, and the loop length is ~66 cm (2.2 ns). The loop's output delayed beams are directed into SLM-3. In SLM-3, we apply the conjugate pattern of the desired delayed beam and convert it into a Gaussian beam. The beam then can be coupled to a SMF-28 fiber using two lenses with focal lengths F= -100mm and F=200mm and a collimator with F=3mm. We amplify the collimated light using a low-noise EDFA that has 4.5dB noise figure for an input of -35 dBm, then we detect and demodulate the signal using an optical receiver. 
Results and discussion
We first analyze the modal purity of the OAM beams when the loop is blocked (SLM-2 is blocked) so that only recirculation# 0 appears at the loop output in Fig. 3(a,b) . When SLM-1 is set to transmit OAM with ℓ = 0 (Gaussian beam) into the loop, the peak detected power in Fig. 3(a) using SLM-3 becomes ~ -2 dBm and the power leakage into OAM-3 ( ℓ = 3) becomes ~33 dB down from the signal's power. The collimated power decreases when we transmit ℓ = +8 to ~-13 dBm. Also, the power leakage into OAM+5 ( ℓ = 3) becomes 25 dB lower than the signal's. This can happen because higher OAM modes diverge faster while the collimation and alignment is optimized in our system to maximize the power coupling based on the divergence of a received OAM with ℓ = 0. The total loss from the two SLMs and a 50:50 coupler is ~12 dB when collimating the beam of ℓ = 0. Therefore, every SLM has ~4.5 dB loss.
Based on these observations, we decided to first transmit an OAM beam with a larger mode and down-shift the beam order (charge) inside the loop, to maximize the number of possible generated delays with sufficient power. Thus, we fed the loop with an OAM beam of order ℓ = 8 from SLM-1 and applied the charge of ℓ = −5. We show the recorded power of the OAM beams when changing the phase mask on SLM-3 in Fig. 3(c) . We also show the recorded 1-ns delayed pulses from recirculations#0 to #3 in Fig. 3(d) . The pulses are detected using a 50 GHz sampling scope that is synchronized to the transmitting pulse generator. We can observe that a 2.2-ns delay is achieved between the delayed signals. Next, we transmitted a 20-Gbaud QPSK signal into the loop and show the recorded constellations in Fig. 3 (e) along with the recorded error-vector magnitudes (EVMs). We measured the BER of the recorded delayed beams in Fig. 3(f) . The BER of recirculations#0 to #2 show negligible penalty compared to the back-to-back baseline. Recirculation#3 suffers ~2 dB additional penalty at the FEC level which we believe is due to the loss from passing the coupler and SLMs multiple times, resulting in received power below -35 dBm. In our experiment, the output delayed signal is at the same wavelength of the incoming beam. Therefore, we believe this technique can be compatible with the WDM systems. Also, multiple delays could by separated and accessed at the same time by using techniques like multi-plane light conversion (MPLC) [9] . To increase the number of recirculation, one can add an OAM amplifier to compensate for the loop loss caused by the SLMs and the beam splitter [10] . Moreover, the loss that is caused by misalignment and divergence could be avoided by guiding the OAM beams and propagating them in vortex fibers [11] . 
